Representation and reasoning about context information is a main area of research in Ambient Intelligence (AmI). Given the openness and decentralization of many AmI applications, we argue that usage of semantic web technologies for context modeling brings advantages in terms of standards, uniform representation and expressive reasoning. We present an approach for modeling of context information which builds and improves upon related lines of work (SOUPA, CML, annotated RDF). We provide a formalization of the model and an innovative realization using the latest proposals for semantic web standards like RDF and SPARQL. A commonly encountered ambient intelligence scenario showcases the approach.
Introduction
Ambient Intelligence is nowadays a well recognized area of research with work done in domains ranging from hardware (e.g. sensors, actuators) through middleware (e.g. information management, basic services) to innovative end applications and human computer interfaces. Ambient Intelligence applications are very often open and decentralized, involve a large number of heterogeneous devices and have to handle large amounts of information. Thus, the information management middleware and the notions of context representation and reasoning, as introduced by Dey [1], are very important. The past decade has seen many contributions in this particular field of research [3, 5] . Due to the open and heterogeneous nature of ambient intelligence scenarios, recent works have recognized the need for interoperability and standards in terms of languages and approaches, thereby focusing on ontology models in support of context management. Amongst the proposed ontologies ever more [2, 4] are seeing the need to offer explicit modeling of meta-properties of context information like accuracy or temporal validity. Few models however end up showing concrete ways of representation and reasoning for both context information and its meta-properties.
We therefore propose an extensive ontology model for representation of context, which extends and combines previous work [8, 12] and handles the earlier presented aspects. Furthermore, we argue that the decentralized systems of ambient intelligence would benefit greatly from advances in semantic web technologies because they can help with standardization and scalability. We therefore propose a new way of storing, querying and reasoning over context information and its meta-properties which uses the latest proposals of the semantic web community for standards like RDF and SPARQL.
In Section 2 we introduce supporting concepts and review previous work that inspired our own approach. We continue in Section 3 with a formal specification of our context representation and reasoning model and show how it maps to an ontology definition and use of semantic web technologies in Section 4. We provide an example scenario which highlights our approach in Section 5 before concluding in Section 6.
Background
This section reviews the research work which serves as background for our own proposal and shows how we build and extend upon it.
The field of context modeling has received a noticeable amount of contributions in the last decade [3,5] ranging from simple key-value models, through markup and graphical models [10, 11] down to different ontology models [2, 4, 8] . As mentioned earlier, ontologies for context modeling are becoming a focus in many approaches and the authors in [9] note that the Standard Ontology for Ubiquitous and Pervasive Applications (SOUPA) [8] is one of the proposals that is often reused in other projects. Indeed, SOUPA is built in a modular way and reuses in its core many well established ontologies for modeling entities like persons (FOAF 1 ), places (spatial ontologies in OpenCyc 2 ), security or privacy policies (Rei policy ontology 3 ) or even an agent's beliefs desires or intents (BDI). Though SOUPA was originally used in applications centered on user activity modeling, it is general enough such that it can be used as an upper-ontology for describing the entities involved in a wider variety of context management applications. Still, SOUPA does not provide a way to further characterize the type of properties defined between its core classes, nor does it offer direct support for annotations of these properties.
One approach which offers some answers to the above mentioned drawbacks is the Context Modeling Language (CML) model proposed by Henricksen [11] . CML builds upon the Object-Role Model (ORM) conceptual language for data modeling used in the Relational Database domain and extends it with constructs specific to the area of context representation. An important aspect of CML is that its basic representational unit is the fact, a relationship that holds between one or more entities. The model then provides a framework for classification of facts into categories denoting its type (static, sensed, profiled, derived, temporal), expression of uniqueness constraints and fact dependencies as well as annotation of facts with quality indicators (e.g. freshness, accuracy). CML also introduces a form of first-order predicate logic used to derive higher-level information called situation of entities based on the currently existing facts. One drawback of the model though is that it does not provide a base for the entities involved in the facts and its representation fails to easily capture potential subclassing hierarchies of entities or even facts themselves. Additionally, CML focused on custom relational database
